Recently, high frequency bands (above 6 GHz) have attracted more attention for the next generation communication systems due to the limited frequency resources below 6 GHz. To reveal the influence of frequency on propagation channels, channel characterization results at 14.6 and 3.6 GHz bands based on measurements in an indoor scenario and in a reverberation chamber are presented. The measurement results indicate minimal differences in path loss exponents, shadow fading standard deviation, root-mean-square (RMS) delay spread and coherence bandwidth for the two frequency bands, while the path loss at 14.6 GHz band is clearly larger than that at the 3.6 GHz band. Furthermore, the underlying factors that influence the channel characteristics are investigated. It is found that the RMS delay spread is independent of the frequency in the scenario where free space propagation and/or reflection are the main mechanisms. Measurements in the reverberation chamber verify this inference.
Introduction
Achieving a high data rate is one of the key challenges for the next-generation wireless communication systems. Hence, large frequency bandwidth is required. Such large bandwidth cannot be achieved on radio links operating at low frequency bands (below 6 GHz). Therefore, high frequency bands (above 6 GHz) have been widely considered for future applications [1] . It is well known that the design of a wireless system requires a deep understanding of the propagation channels. However, most available channel models, e.g., WINNER II/+ and International Mobile Telecommunications-Advanced models, have been designed for the frequency range below 6 GHz. Thus, Mobile and wireless communications Enablers for the Twenty-twenty Information Society (METIS) indicates that measurement data above 6 GHz is crucial for the needed extensions/modifications of available channel modeling [2] . In this paper, measurement-based characterization for the corridor scenario at 14.6 GHz is presented. To reveal the influence of frequency on the channel characteristics, characterization for the same scenario at 3.6 GHz is also presented.
As one of the candidate frequency bands for the fifth generation (5G) system, the 14 GHz band has more than 0.7 GHz bandwidth (14.3-15 GHz) to be allocated [3] . Some 5G tests using this frequency
• A detailed insight into the channel characteristics of the path loss, RMS (root-mean-square) delay spread and coherence bandwidth in the corridor scenario with the directional antennas at 3.6 GHz and 14.6 GHz frequency bands is presented.
• A comparative analysis is made for statistical metrics of the propagation channel between the two frequency bands.
• The underlying factors that lead to the influence of frequency on the channel characteristics are investigated. It is found that, in the corridor, the differences between the two frequency bands in RMS delay spread are minimal (less than 1 ns). Measurements in the reverberation chamber (RC) verify this inference.
The remainder of this paper is organized as follows: Section 2 describes our measurement system and measurement scenario. Section 3 presents the measurement results. Section 4 focuses on the comparative analysis. In Section 5, some auxiliary experiments in an RC are described to support the analysis. Section 6 concludes this paper.
Measurements

Measurement System
The wideband frequency responses of the propagation channel were measured with a measurement system based on a vector network analyzer (VNA) (MS2038C, Anritsu, Morgan Hill, CA, USA). The scattering parameter S 21 was measured over a 0.8 GHz bandwidth and centered at 3.6 GHz and 14.6 GHz, respectively. The VNA was set to transmit 1024 continuous wave tones uniformly distributed over each frequency band, which results in a frequency step of about 0.78 MHz. The frequency resolution further yields a maximum excess delay of 1280 ns, i.e., a maximum distance range of approximately 384 m. Intermediate-frequency (IF) averaging bandwidth was set to 300 Hz. To reduce noise, six sweeps were averaged.
The antennas used in measurements are directional horn antennas. Radiation patterns of antennas were measured in an anechoic chamber in the National Institute of Metrology, Beijing, China and are given in Figure 1 and Table 1 . Although the beamwidths of the two frequency bands are not exactly the same, given the fact that the corridor is a very narrow and closed space, the angles of departure and angles of arrival for all major multipath components are expected inside the main beamwidth at both frequencies, which means that the difference of the beamwidths will not effectively influence the channel properties at the two frequencies under study. The use of the directional antennas is common at the high frequency band, e.g., [11, 12] . The antennas were mounted on wooden tripods with a small section of metal behind the directional antennas, which does not influence the pattern. Calibration was performed in an anechoic chamber to compensate the frequency response of antennas and cables as suggested in [13] . These two measured bands were free from interference during the measurement campaign, as confirmed by measurements with a spectrum analyzer (PSA E4445A, Agilent, Santa Clara, CA, USA). A summary of the measurement parameters is listed in Table 1 .
It is worth noting that the channel characteristics are extremely sensitive to antenna placements [14] . To extract the influence of frequency on the channel characteristics, the measurements for the two frequency bands should be carried out at the exact same antenna placement and in the exact same scenario. To this end, the measurement process is designed as follows. Firstly, the VNA is calibrated by using a "response" calibration [12] . The calibration is carried out for the two frequency bands, respectively. In addition, the calibration data for the two frequency bands are stored in the internal memory of the VNA. For each measurement position, calibration data for 3.6 GHz band is recalled and the measurement for 3.6 GHz band is executed. Then, immediately, without the antennas moved, calibration data for 14.6 GHz band is recalled and the measurement for 14.6 GHz band is executed. In this way, the measurements for the two frequency bands are carried out at the exact same antenna placement, in the exact same scenario, and almost at the exact same time. This design effectively reduces the uncertainty in the comparative analysis of channel characteristics between the two frequency bands. 
Measurement Scenario
The measurements have been carried out in the second-floor corridor in the 18th building, National Institute of Metrology, Beijing, China. The building is constructed of concrete with faculty offices and laboratories as shown in Figure 2 . The corridor is 20 m in length, 2.4 m in width and 2.8 m in height. The side walls, floor and ceiling of the corridor are constructed of concrete. The floor is covered with ceramic tiles and the ceiling is covered with polystyrene tiles. The corridor has a number of wooden doors and some windows. In the measurements, the doors and the windows were closed and no people were moving around. The transmitter (TX) is fixed and denoted by the solid star in Figure 3 (top view). At the receiver side (RX), the antenna is moved along a straight line at 17 different locations, which are denoted as the solid circles in Figure 3 . The TX and RX are placed in the middle of the corridor (the distances to both sides of the corridor are 1.2 m). The distance between the TX and RX (1) In order to analyze the influence of antenna location (whether near the walls) on channel characteristics, we conducted another measurement in the same scenario. All the measurement settings were the same as the previous measurements, but the TX and RX antennas were placed 0.5 m from the wall. As shown in Figure 3 , the TX and RX are denoted by the hollow star and hollow circles, respectively.
In order to achieve spatial averaging, five spatially separated positions were measured at each receiver location as suggested in [15] . One received position is at the center of one specific location, surrounded by the remaining four positions as shown in Figure 4 (top view); these positions are separated by about 0.17 m, which is about two wavelengths for 3.6 GHz and eight wavelengths for 14.6 GHz. Assuming that the phase of received signal is uniformly distributed, it is reasonable to average out the small-scale fading effect via these five positions [15] in the Ricean channel. 
Parameter Extraction and Measurement Results
Path Loss Exponent and Shadow Fading
In the widely accepted power-law path loss model, the change of the path loss along with the TX-RX distance is depicted by the path loss exponent. Such exponent and shadow fading are extracted from the measured results by using the following expression:
where d is the distance between the TX and RX, and PL(d) is the path loss (small-scale fading has already been filtered out) at d. d 0 denotes the reference distance and n is the path loss exponent. X is the shadow fading, which is well fitted by the log-normal distribution by passing Kolmogorov-Smirnov, Anderson-Darling, and chi-squared tests [16] . By using the least-square criterion, the path loss exponent n can be obtained.
Delay Spread
The RMS delay spread is widely used to characterize the delay dispersion of the channel. By taking the inverse Fourier transform of the measured transfer function, the power delay profile (PDP) and RMS delay spread of the channel are obtained. The RMS delay spread is defined as the second moment of the PDP [17] and expressed as
where τ i and PDP(d, τ i ) represent the delay and corresponding delay power of the i th mutipath component (MPC) measured at the distance of d, respectively. When computing the RMS delay spread, we set the power of all the MPCs below a threshold to zero to reduce the impact of the noise. The threshold is set to be 6 dB above the noise floor [18] .
Coherence Bandwidth
The coherence bandwidth is a statistical measure of the range of frequencies over which two frequency components have a strong potential for amplitude correlation. The coherence bandwidth B ρ is calculated as [19] 
where R H is the frequency correlation function, δ f is frequency separation, and ρ is the correlation level. Table 2 shows the measured channel characterization results for the two frequency bands with the directional antennas in the corridor scenario. The following findings can be summarized: (1) the differences in the path loss exponent, shadow fading standard deviation, RMS delay spread and coherence bandwidth for the two frequency bands are minimal; (2) the path loss at 14.6 GHz is larger than that at 3.6 GHz. As expected, the difference is about 20log 10 (14.6 GHz/3.6 GHz) = 12.16 dB between the two carrier frequencies; and (3) there is no significant difference in all of the extracted propagation characteristics between different antenna locations (near the wall or in the middle of the corridor). The path loss exponent in the corridor ranges from 1.51 to 1.69 (see Table 2 ), smaller than two (which corresponds to the free-space propagation). This implies a waveguide phenomenon due to the confined structure of the corridor. In addition, the minimal difference between different antenna locations (near the wall or in the middle) implies that the wave-guide effect is not very sensitive to the antenna-wall distance in the corridor scenario with the directional antennas. The standard deviation of shadow fading ranges from 1.79 to 2.27 dB, which agrees with those measurements in corridors at 2.4 GHz, 5.3 GHz, and 60 GHz [20] [21] [22] .
Measurement Results
No single definitive value of correlation has emerged for the specification of coherence bandwidth. Hence, coherence bandwidths for generally accepted values of correlations coefficient equal to 0.5, 0.7 and 0.9 are evaluated, and these are referred to as B 0.5 , B 0.7 and B 0.9 . Furthermore, the coherence bandwidth is highly variable with the locations of receiver. By convention, cumulative distribution function (CDF) of the coherence bandwidth is computed and the level below which the coherence bandwidth stays for a given percentage is used to interpret the coherence bandwidth results [13] . As shown in Table 2 , the level of B 0.5 , B 0.7 and B 0.9 for 90% of receiver positions is about 320 MHz, 120 MHz and 40 MHz, respectively. The communication system designers sometimes rely on the lowest value of the coherence bandwidth. Thus, the lowest value, B ρ,min , is also listed in Table 2 .
Comparative Analysis
Example APDPs
We denote the PDP averaged over the five spatial points (see Figure 4) as the averaged PDP (APDP) [23] . In Figure 5 , we observe the APDPs for both frequency bands. For the example APDPs, the TX and RX are placed in the middle of the corridor and the TX-RX distance is 1.2 m. For visual comparison, we have normalized the line-of-sight (LOS) contribution to 0 dB.
It is observed that the main components fit the same delays. For both frequency bands, the delay of the largest component is about 4 ns, which, multiplied by the velocity of light, equals the LOS distance (1.2 m) . Figure 5 clearly illustrates multipath propagation. From basic trigonometry, the excess distances (compared with the LOS path) for the ground reflected path, the ceiling reflected path and the wall reflected paths are 1.85 m, 1.85 m, 1.43 m and 1.43 m, respectively. The distance differences divided by the velocity of light are from 4.77 and 6.16 ns. The components (area highlighted by red box in Figure 5 ) are likely the combination of all the four reflected paths since the relative excess delay is also between 4.77 and 6.16 ns. 
where P t is the transmitted power, G t is the transmitter antenna gain, A e is the RX antenna effective area, and d LOS is the distance for the LOS path as shown in Figure 6 . For a reflected component, the received power at the RX is [24] 
where (Γ) is the reflection coefficient, d r1 is the distance between the TX and the reflecting point, and d r2 is the distance between the RX and the reflecting point. The power ratio between the LOS component and reflected component is
The reflection coefficient (Γ) is determined by the complex dielectric constant, δ, and δ is defined as [19] 
where j is the imaginary unit, is the dielectric constant, and σ e is the conductivity. As σ e is very small [25] , the imaginary part in Equation (7) becomes negligible. In addition, stays constant with a large frequency range (1-100 GHz) for many typical building materials (e.g., concrete, wood, glass and chipboard) [25] . Thus, the reflection coefficient is almost independent of the frequency. Then, via Equation (6), the power ratio between the LOS component and reflected component (i.e., the normalized power for the reflected path) is almost independent of the frequency. The similar delays and normalized amplitudes should yield similar RMS delay spread. Table 2 indicates a minimal difference in the RMS delay spread for the two frequency bands. The statistical results are consistent with the above theoretical prediction. This phenomena has also been observed in the measurements of [26, 27] , where the RMS delay spreads from 2.4 GHz to 28 GHz are similar for the indoor LOS and non-LOS (NLOS) channels. However, some papers present different results. For example, in [10] , for LOS, the RMS delay spread is around 8 and 4 ns for 2-10 and 57-66 GHz, respectively. The measurements were performed in a laboratory furnished with several closets, shelves, desk, and chairs. In this scenario, there are not only free space propagation and reflection but also the diffraction. The diffraction gain is frequency-dependent [24] . This may be the reason for the difference of the RMS delay spread in this scenario.
RMS Delay Spread
Because the reflection coefficient is insensitive to the frequency with the large frequency range for many typical building materials, it is reasonable to hypothesize that the RMS delay spread is also independent of the frequency in the scenario with the typical building materials where free space propagation and/or reflection are the main mechanisms. To verify this hypothesis, we conducted some measurements in the National Institute of Metrology (NIM) RC (see the Verification in Reverberation Chamber section). Figure 7 and "Fit intercept" in Table 2 indicate that the path loss at 14.6 GHz is larger than that at 3.6 GHz. As expected, the higher frequency leads to the larger propagation loss. The "path loss exponent" in Table 2 indicates a minimal difference in the path loss exponent for the two frequency bands. This observation is in line with what was experienced in [8, 10, 28] . In [8] , a multi-frequency (0.8 GHz to 28 GHz) path loss model for external wall attenuation and indoor propagation was presented. For the indoor propagation, the measurement results show that the linear attenuation factor (similar to the path loss exponent) is not very sensitive to the frequency. In [10] , the measured path loss exponents are 1.31 and 1.29 for centimeter-and millimeterwave ultra-wideband LOS channels, respectively. In [28] , the exponents are similar at 1.33 and 1.31 for 5 and 60 GHz for indoor channels. 
Path Loss
Coherence Bandwidth
The measurement results in Table 2 indicate that the coherence bandwidths at the two frequency bands are similar. For simplicity, our analysis begins with the two-ray model. The antenna patterns are assumed to be similar for the different frequencies.
For the LOS path, we can express the electric far field at a point u in space as [29] 
where α s (θ, ψ, f ) is the radiation pattern of the TX antenna at frequency f in the direction (θ, ψ), d is the distance from the TX to the point u, and the constant c is the speed of light. Because the phase difference between the two rays determines whether the two waves add constructively or destructively, we focus on the phase of the signal. Then, Equation (8) is simplified as
where A equals
, and θ equals −2π f d c . For the reflected path, the electric far field at the point u is expressed as
where A r is the amplitude of the reflected signal, and δt is determined by the distance difference of the two rays. The phase difference between the two rays is
For another frequency f , the phase difference is
The phase difference between the two rays, φ, determines the constructive or destructive interference pattern. Then, the difference of φ for two frequencies, i.e., |φ − φ|, should be insignificant within the coherence bandwidth. The difference of φ is |φ − φ| = |2πδt( f − f )|. (13) Equation (13) indicates that the coherence bandwidth is related to the relative frequency (| f − f |), not related to the absolute frequency, under the assumption of having similar antenna patterns over the frequency band. Therefore, the coherence bandwidths at 14.6 GHz and 3.6 GHz should be similar. The measurement results verify the above analysis.
Verification in Reverberation Chamber
Based on the comparative analysis in Section 4.2, it is hypothesized that the RMS delay spread is independent of the frequency in the scenario where free space propagation and/or reflection are the main mechanisms. We used the RC to verify this hypothesis. The RC provides a reliable, controllable, and repeatable multipath environment where reflection is the main mechanism [30] [31] [32] [33] .
The RC is essentially an large, electric metal box, having dimensions of 5.09 m × 6.43 m × 5.57 m, as shown in Figure 8 . In the RC, reflection is the main propagation mechanism [34] . Inside the chamber, the mechanical stirring was performed by two metal paddles that were moved stepwise. The measurement of RMS delay spread in the RC was repeated for 100 different fixed paddle positions spaced by 360 • /100 = 3.6 • . For the RMS delay spread estimation, the 100 measurement results were averaged to obtain the mean values. The RMS delay spread in the chamber can be changed by putting different numbers of RF-absorbing material inside the RC. We repeated the measurements for three and four absorbers, respectively. Each piece of the absorber is with 81 cones in a 9 × 9 array, the cone width is 6.8 cm, and the cone height is 17.8 cm. The transmitting antenna was directed into a corner of the chamber, and the receiving antenna was placed in the middle of the RC. We measured the channel over the whole frequency range from 3.1 GHz to 15.1 GHz, using the same VNA-based measurement system, as shown in Figure 9 . Because the sweep points of the VNA are limited to 60,001, sectional measurement was performed over the whole frequency range. We divided the whole range (3.1 GHz to 15.1 GHz) into 12 frequency bands. For each band, the S 21 was measured in the 1 GHz bandwidth with 60,001 sweep points. The coherence bandwidths in the RC are calculated via Equation (3) based on the measurement data. It is shown in Figure 11 that the coherence bandwidth is also similar in the frequency range. The slopes for the RMS delay spread and coherence bandwidth are summarized in Table 3 . The measurement results imply that the RMS delay spread and coherence bandwidth are not sensitive to the frequency in the RC. 
Conclusions
Based on measurements, we presented an analysis of indoor channels for the corridor scenario at 3.6 GHz and 14.6 GHz frequency bands with the directional antennas. From the comparative analysis for the corridor, we show that the path loss is larger at 14.6 GHz frequency. The difference of the path loss exponents in the two frequency bands is less than 0.18 in the corridor. The main reason is that the path loss exponent is relevant to the relative power in the distance domain. For the RMS delay spread and coherence bandwidth, they are relevant to the relative power in the time domain. The constant reflection coefficient makes them not very sensitive to the frequency in the corridor. The differences between the two frequency bands are less than 1 ns and 6 MHz for RMS delay spread and coherence bandwidth, respectively. Based on the comparative analysis, it is hypothesized that the RMS delay spread and coherence bandwidth are independent of frequency in the typical indoor scenarios where free space propagation and/or reflection are the main mechanisms. The measurement results in the highly reflective environment (RC) and common reflective environment (corridor) verify the hypothesis.
This analysis helps readers to understand the essence of the propagation. Both the quantitative results and qualitative analysis are useful for the needed extensions/modifications of channel modeling from the low frequency band to the high frequency band. 
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